ABSTRACT The spatial distribution of abnormal repolarization potentials caused by regional myocardial ischemia was determined in 45 dogs. Ameroid constrictors were placed around the left circumflex artery in 10, the left anterior descending artery in 10, and the right coronary artery in 10. Ten dogs without constrictors served as controls. Electrocardiographic events were determined from body surface isopotential distributions, which were computed from potentials sensed by 84 torso electrodes. In control dogs, pacing to heart rates of 230 to 250 beats/min increased the intensity of positive and negative surface extrema during the ST segment without altering their spatial features. Two weeks after placement of the ameroid constrictors, tachycardia induced abnormal negative potentials during the ST segment. Localization of these ischemic forces varied with the placement of the constrictor in a manner consistent with the affected perfusion territories. However, much of the torso surface was involved by all lesions, and only small zones of ST segment depression unique to specific lesions could be identified. In five additional dogs a constrictor was placed on the right coronary artery 3 months after implantation of a device on the circumflex vessel. ST segment pattems during pacing in dogs with two lesions were consistent with the sum of the two individual lesions. Thus, the regional nature of myocardial ischemia is detectable in the body surface isopotential distributions, but the degree of spatial overlap may limit the value of such techniques in extending the usesfulness of clinical exercisestress electrocardiography.
nary artery abnormalities, respectively. Fox et al.,2 using a 16-point precordial mapping system, were able to identify ST segment depression distributions characteristic of single-and multiple-vessel involvement.
Others, however, have not been able to derive similar conclusions.7 Dunn et al.4 reported no differences in the distribution of exercise-induced ST segment depression in patients with isolated left anterior descending artery lesions nor in those with single left circumflex or right coronary lesions. For example, ST depression in both inferior and anterior leads occured in 43% of patients with left anterior descending artery disease and in 29% of subjects with right or circumflex artery disease. Block et al.5 were similarly unable to identify coronary lesions by exercise surface-mapping or vectorcardiography.
Many causes for such differences can be suggested. These include patient variables, such as variations in regions of myocardium supplied by given vessels, in the topographic relationship of specific myocardial regions to body surface electrodes, in the hemodynamic consequence of an obstruction, in the proximal or distal position of a lesion, and in collateralization. 1.4 Oth-er considerations include variations in recording techniques and exercise protocols. 14 Because of these discrepancies and because of the significance of the problem, we examined the body surface electrocardiographic patterns produced in an animal preparation8 designed to simulate clinical exercise stress testing and in which many of the previously listed parameters may be controlled. In this preparation, localized progressive coronary arterial narrowing is produced by a surgically implanted ameroid constrictor'; myocardial ischemia is then induced by graded atrial pacing, and the resulting electrocardiographic effects are detected by body surface isopotential mapping.'0 It was hoped thereby to determine whether or not myocardial ischemia in specific myocardial zones generated repolarization abnormalities that were projected to characteristic and distinct torso areas under experimentally optimized conditions.
Methods
Forty-five adult mongrel dogs weighing 12 to 16 kg who were free of parasites were studied.
Surgical procedures. Surgical protocols were completed under sterile conditions after induction of anesthesia with a mixture of halothane, nitrous oxide, and oxygen. A right or left (see below) thoracotomy was performed, and the pericardium was opened. A quadripolar plaque electrode was sutured to the ipsilateral atrial appendage.
Dogs were then subdivided into five subsets. Left thoracotomies were performed in groups A, B, and C. In group A (n -10), no further procedure was undertaken. In group B (n = 10), the Patterns in dogs at rest (figure 1, A) were characterized by an anterolateral maximum, or zone of peak positive voltage, with a value of 306 ,uV. Negative potentials, with a nadir or minimum of -116 gV, were localized to the right posterosuperior torso. During atrial pacing at rates of 160 beats/min (figure 1, B) and 230 beats/min (figure 1, C), the overall spatial features did not change; left anterior positivity and right posterosuperior negativity persisted. Intensity of the extrema did progressively intensify as heart rate was increased. Thus, the maximum increased from 306 to 490 pV at 160 beats/min and to 544 ,uV at 230 beats/min. QRS durations were not affected by pacing.
The "difference" map illustrated in figure 1 , D, was constructed by subtraction of each electrode potential shown in figure 1 , A, from the corresponding voltage shown in figure 1, C. Thus, the distribution depicts the difference between the pattern in dogs at rest and that at a paced rate of 230 beats/min and may be considered to reflect the electrical field "generated" by tachycardia. In this map, potentials from electrodes with positive differences voltages were augmented by pacing (increased positivity or reduced negativity), and those with negative levels were reduced (less positivity or greater negativity) in magnitude.
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As shown in figure 1, D, voltages over the left inferior thorax were augmented (maximal increase of 295 ,uV), and those over the superior torso were reduced in strength (maximal decrease of 183 tV). Positions of the extrema and of the zero isopotential contour corresponded closely to those of the isopotential maps of figure 1, A through C. Thus, tachycardia in these normal animals intensified both positive and negative extrema without altering their spatial distribution. This correlated with accentuation of the resting ST segment configuration with increasing heart rate. 8 Neither QRS form nor duration was altered by the tachycardia.
Group B: left circumflex artery constriction. All dogs in which an ameroid constrictor was placed around the left circumflex artery survived for 2 weeks, although two died suddenly after the 2 week postoperative recording session. Resting QRS and ST-T interval electrocardiographic patterns were unaffected by the surgical procedure.
Electrocardiographic waveforms recorded from lead II 2 weeks after implantation of ameroid constrictors are presented in figure 2 . In dogs at rest, the ST segment is slightly convex up (top). Similar patterns were seen at a rate of 160 beats/min (middle Isopotential maps, drawn as in figure 1 and determined from this animal 2 weeks after surgery 40 msec into the ST segment, are shown in figure 3 . ST segment pattems at a resting rate of 84 beats/min (figure 3, A) were similar to those described in control animals; an anterior maximum (303 AV) and posterosuperior negativity (-81 ,V) were observed. At a paced rate of 160 beats/min (figure 3, B) the spatial pattern was unchanged. Intensity of the extrema did increase, as previously described for control cases.
At rates of 190 beats/min and faster, isopotential maps clearly differed from those of normal dogs. In figure 3 , C, which shows recorded maps at a rate of 230 beats/min, positive potentials were recorded over the superior anterior regions, with an anterior maxi- ,uV) over the inferior right and left hemithoraces with superior extension on the left posterior torso.
These patterns were observed in all cases. Thus, these patterns, particularly the difference distribution shown in figure 3 , D, characterize the electrical field generated by tachycardia-induced ischemia of the circumflex artery territory. Magnitudes of the abnormal negative voltages in subtraction maps ranged from -174 to -362 ,uV ( -229.6 ± 41.2).
At the end of the experimental period, animals of this and subsequent groups were killed, and the constricted vessels were examined. In all cases in groups B to D, the artery was constricted to a diameter less than 50% of that at more proximal sites.
Group C: left anterior descending artery constriction.
All animals completed the experimental protocol without dying; one animal died suddenly during the third postoperative week. Resting ST segment patterns remained unchanged, and QRS duration was unchanged from that in preoperative records.
Isopotential maps from one animal, 2 weeks after surgery, are presented in figure 4 . At a spontaneous heart rate of 76 beats/min, patterns 40 msec into the ST segment ( figure 4, A) Typical isopotential patterns are displayed in figure  5 . During spontaneous sinus rhythm ( figure 5, A) in figure 7 , D, constructed by subtraction of voltages recorded during pacing in a dog with an ameroid constrictor on the circumflex artery ( figure 7, B) from those recorded during pacing in a dog with dual ameroid constrictors (figure 7, C). The distribution was characterized by a left lateral minimum comparable to that observed with only a constrictor on the right coronary artery ( figure 5, C) . Thus, the effects of multiple ischemic areas were additive. Postmortem examination revealed complete occlusion of the circumflex artery and subtotal obstruction of the right coronary artery.
Discussion
It was the purpose of this study to determine whether or not regional myocardial ischemia could be reliably detected and localized by body surface isopotential mapping. The hypothesis was based on the premise that surface maps can reflect regional myocardial events.
That this is true has been substantially documented. dial leads) . are in reality semidirect leads from the anterior ventricular surface, capable within certain limits of serving the same purposes as direct leads from the ventral surface of the exposed heart." Experimental studies have successfully correlated surface patterns with epimyocardial excitation sequences,'2 with the location and orientation of implanted generators, '3 and with the location of experimentally induced abnormalities, including cauterization'4 and ectopic pacing.'5 Clinical studies have similarly related surface and epicardial events in subjects with ventricular hypertrophyl6 and the preexcitation syndromes. '7 Multiple simultaneously active effects may also be detected. They may be manifest as multiple pairs of extrema. Under other conditions of distance, eccentricity, and strength, however, only single extrema may be observed,'4' 1 ' but the presence of multiple events may be discerned by changes in low-level potential magnitudes and locations. The importance of such differences has been stressed during atrial'8 and ventricular'2 activation and recovery.
The animal preparation used to explore these relationships has both advantages and constraints. Second, myocardial stress as determined by heart rate can be controlled. Atrial pacing was used rather than exercise to eliminate the electrical noise generated by motor-driven devices. As shown by Fedor et al. ,24 atrial pacing may produce more severe subendocardial ischemia, possibly due to the absence of exercise-induced vasodilatation. Thus, although we did not measure coronary hemodynamics, the observed electrocardiographic effects may reliably be attributed to subendocardial ischemia.
Other limitations are also significant. First, the torso shape of the dog is very different than that of man and this may significantly alter volume conductor properties and, hence, surface electrical distributions.'2 Second, the coronary circulation and, particularly, the involvement of a native and an extensive collateral bed in the dog differs from that of man. However, study only 2 weeks after ameroid constrictor placement and existence of abnormal potentials 3 months after surgery suggest that collateral growth may be a limited problem. Third, the necessary use of capacitor-coupled amplifiers lumped both systolic and diastolic injury currents25 into a single ST segment shift. It may be assumed that this is suboptimal, but the use of direct coupling amplifiers is not technologically feasible at this time. Fourth, there is presently no independent standard defining the surface changes predicted from specific regional abnormalities. This important information could be obtained by a forward mathematical simulation, but this technique will require further development for routine practical application.
The results of the current study do demonstrate that, in this preparation of tachycardia-induced ischemia, the regional nature of the ischemia is reflected in the isopotential surface patterns. Thus, left anterior descending artery obstruction resulted in an abnormal ST segment minimum that was more central, and right coronary artery constriction caused a minimum that was more to the right and superior than did circumflex artery lesions (figure 6). These differences likely correlate with the perfusion territories of the three vessels as defined by Scheel and Ingram. 9 Distinctions among the three lesions were most clearly noted in subtraction patterns, presumably due to removal of the complex and variable resting repolarization potential patterns. The greater intensity of the minimum with left anterior descending artery obstruction than that with a similar lesion of the circumflex vessel probably reflects the position of the former perfusion territory near to the chest wall; this may overcome the larger mass at risk from circumflex underperfusion. '9 Data from experiments with dual-vessel obstruction extend these observations. Superposition of a right coronary lesion on a preexistent circumflex artery obstruction produced new ST segment depression on the posterior torso, just as in animals with isolated right coronary artery ameroid constrictors, as well as a second minimum not seen in any case with single-vessel involvement ( figure 7, C and D) Major overlap in the torso zones with abnormal negative voltages and, hence, ST segment depression did occur ( figure 6, A) . This likely reflects the same biophysical factors (eccentricity, intensity, distance) that cause masking of multiple epicardial events on surface recordings as noted above. 12. 14. 15 These factors and resultant overlap or "smoothing" clearly limit the usefulness of the method, since discrete and unique areas for each myocardial zone could not be identified.
Some data applying surface mapping to clinical exercise testing has been reported based on normal31' 32 and abnormal2 I populations. The current results are similar to those of Fox et al.2 in patients with singleand multiple-vessel disease. That study also demonstrated characteristic patterns for single-vessel lesions, but there was considerable overlap. Thus, experimental and clinical evidence support the belief that isopotential surface mapping may have only a limited role in expanding the usefulness of exercise electrocardiography. A more quantitative approach to torso potentials may improve this application.
The occurrence of ST segment depression during pacing 3 months after ameroid constrictor placement, when collateral formation should be extensive,33 demonstrates that such collateralization is inadequate to prevent tachycardia-induced ischemia. This is consistent with data of Cox et al.,3 Heaton et al., 35 and Tomoike et al.,20 who demonstrated the functional inadequacy of coronary collaterals to protect against exercise-and catecholamine-induced ischemia. These data are not in accord with those of Lambert et al. 36 who reported maintenance of normal transmural distributions of coronary flow during exercise. That the latter study was performed 6 months after ameroid constrictor placement rather than after shorter time periods as in the other and current studies, as well as other methodologic differences, may be responsible for the differences.
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in dogs with various locations of coronary stenosis.
Differential electrocardiographic effects of myocardial ischemia induced by atrial pacing

